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(54) Quadrature RF coil for MR! systems 

(57) A quadrature RF coll assembly (50) Is em- 
ployed for quadrature excitation and/or reception in an 
open or vertical field magnetic resonance apparatus. 
The quadrature RF coil (50) includes a plurality of par- 
allel rung elements (70, 72, 74, 76, 78). A pair of elec- 
trical conductive end segments (80, 82) connect the plu- 
rality of rung elements. Capacltlve elements (Cy, C^) 
inten-upt a central rung element and the end segments. 
Preferably, the capacltlve elements (Cy, Op) are ar- 
ranged In a high-pass configuration such that the two 
highest resonant modes, an odd mode (90) and an even 
mode (92), are tuned to have peak responslvity to a 
common imaging frequency. The odd mode (90) is re- 
sponsive to magnetic fields which are normal to the coil 
(50), while the even mode is responsive to magnetic 
fields which are parallel to the coll (50) and perpendic- 
ular to the main magnetic field. In one embodiment, the 
quadrature coil (50) is curved such that it Is partially 
wrapped around a portion of a subject (100) with the 
rung elements (70, 72, 74, 76, 78) of the coll (50) parallel 
to the main magnetic field Bq. The quadrature coil (50) 
provides improved B-i field uniformity and greater tuning 
stability due to reduced localized electric field effects. 
The coil (50) provides greater accessibility for interven- 
tional procedures conducted in a vertical field or open 
magnetic resonance imaging system. 
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Description 

[0001] The present invention relates to the field of 
magnetic resonance. It finds particular application in 
conjunction with magnetic resonance imaging and open 
magnetic resonance imaging systems and will be de- 
scribed with particular reference thereto. However, It is 
to be appreciated that the present invention will also find 
application in conjunction with other magnetic reso- 
nance imaging and spectroscopy systems, particularly 
those in which the direction of the main magnetic field 
Is In the plane of the radio frequency coils. 
[0002] Conventionally, magnetic resonance imaging 
procedures include disposing the patient in a substan- 
tially uniform, temporally constant main magnetic field 
Bq. The resulting magnetization of the sample Is manip- 
ulated with radio frequency magnetic fields wfhich are 
applied to the examination region so as to resonate po- 
larized dipoles and produce magnetic resonance sig- 
nals. The signals are received and used to produce im- 
ages or spectra from the sample. 
[0003] The direction of the main magnetic field in a 
high field system is generated along the central bore of 
an annular magnet assembly, i .e. , the Bq field aligns with 
the central axis of the patient. In bore-type systems, lad- 
der RF colls have been utilized for quadrature detection. 
For such systems, U.S. Patent No. 5,898,306 by H. Liu 
and C. Truwit describes a ladder resonator quadrature 
surface coll which is a low-pass configuration. The coil 
consists of uniformly spaced axial conductive elements, 
rungs, sandwiched between two conductive end ele- 
ments. The low-pass ladder coil described generates 
quadrature magnetic RF fields B-i from two resonant 
modes of the structure. One of the B-j fields is oriented 
perpendicular to the plane of the coll and the other Is 
oriented in the direction of the end conductors, perpen- 
dicular to the rungs. By property orienting the coil In the 
plane of the patient, both modes generate fields per- 
pendicular to the Bq field. In this orientation, the coil re- 
ceives and transmits resonant RF signals in quadrature. 
[0004] The Liu coll describes rung elements which are 
interrupted by a plurality of capacitive elements ar- 
ranged in a symmetric low-pass configuration. The coil 
detects both even and odd current modes in the lower 
resonant frequencies. The tuning capacitor values are 
often quite small - on the order of a picofarad. This re- 
sults in coil tuning instability. 

[0005] In addition, a symmetrical degenerate band- 
pass configuration has been described by Boskamp, et 
al. Tuning of such a band-pass coil Is achieved by ad- 
justing capacitive elements in both the rung and end 
conductors. This tuning process tends to be time-con- 
suming, hence expensive. 

[0006] However, not all magnetic resonance systems 
employ a horizontal Bq magnetic field. Vertical field or 
open magnetic resonance imaging systems typically in- 
clude a pair of parallel disposed pole pieces, which are. 
often interconnected by a ferrous flux retum path. Elec- 



trical coils for inducing the vertical main magnetic field 
are disposed along the flux return path or at the poles. 
Typically, the pole pieces are positioned horizontally 
such that a vertical field is created therebetween. Many 
5 advantages are realized with the use of open vertical 
field systems, such as openness for patient comfort and 
greater patient accessibility for the physician. 
[0007] The RF colls used to manipulate magnetiza- 
tion as well as receive the magnetic resonance signals 
are different for vertical field open systems than for bore 
type systems. In a vertical field system, the Bq orienta- 
tion is directed across the patient as opposed to along 
the long axis of the patient, from head to toe. Useful RF 
fields, either linear or quadrature, are oriented perpen- 
dicular to the Bq field. Thus, vertical field systems have 
used solenoid coils oriented along the patient axis to de- 
tect one orientation of field and a saddle coil or Helm- 
holtz pair to detect an orthogonal transverse field. It is 
also desirable to have coils that confonm to the open- 
ness requirements of the magnet. Volume coils for a 
bore type machine are often cylindrical, similar to the 
magnet bore. RF coils for a vertical field system are of- 
ten sheets parallel to the pole faces to maintain the de- 
sired openness of the magnet. Transmit RF coils for 
open systems often include a pair of butterfly colls 
mounted parallel to the poles of the magnet. This con- 
forms well to the open uses of the system while provid- 
ing for quadrature excitation. 
[0008] Eariy vertical field systems had a Bq field of 0.2 
to 0.35 Tesla with hydrogen magnetic resonance at fre- 
quencies of roughly 8 to 15 MHz. As field strength in- 
creases, the resonance frequency Increases propor- 
tionally, requiring different coil design techniques. At low 
fields, solenoids and current loop coils are often used, 
whereas at higher frequencies, resonant structures, 
such as birdcage or ladder coils, are used. Also, at low 
fields, the receive coil thermal noise dominates while at 
magnetic fields of 1 Tesla or more, patient themial noise 
dominates. Consequently, in high field systems, smaller 
receive coils or arrays of smaller coils are used to limit 
the patient volume contributing to the noise. Quadrature 
coils are usually used at higher fields because the pa- 
tient noise seen by the orthogonal coils is also orthogo- 
nal resulting in a combined receive coil signal-to-noise 
improvement. 

[0009] In accordance with one aspect of the present 
Invention, an open magnetic resonance apparatus gen- 
erates a temporally constant main magnetic field 
through an examination region. An RF transmitter trans- 
mits radio frequency pulses to a quadrature radio fre- 
quency coil to excite resonance In selected dipoles in 
the examination region such that the dipoles generate 
resonance signals at a characteristic resonance fre- 
quency. A quadrature radio frequency coil assembly re- 
ceives the resonance signals from the resonating di- 
poles and a radio frequency receiver demodulates the 
resonance signals received from the quadrature RF coil. 
The quadrature RF coil Includes a plurality of parallel 
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rung elements disposed parallel to the main magnetic 
field. Electrical conductive ends connect the plurality of 
rung elements. A plurality of capacitive elements inter- 
rupt at least one of the rung elements and ends. 
[0010] In accordance with another aspect of the 
present Invention, a method of magnetic resonance im- 
aging in an open MRI system is provided in which a tem- 
porally constant main magnetic field is generated 
through an examination region and gradient magnetic 
fields are generated for spatial selection and position 
encoding. The method includes positioning a quadra- 
ture RF ladder coll parallel to the main magnetic field, 
said coil supporting two resonant modes. Further, the 
two resonant modes are matched to a common reso- 
nance frequency of the dipoles of interest. Magnetic res- 
onance is excited in the dipoles of interest in the exam- 
ination region and induced magnetic resonance signals 
are detected using the quadrature RF ladder coll. The 
detected signals which are at and above the common 
imaging frequency are passed to a receiver and recon- 
structed into an image representation. 
[001 1] One advantage of the present invention is that 
it provides a planar RF transmitter particularly adapted 
for use at higher fields. 

[0012] Another advantage of the present invention is 
that It allows for quadrature excitation and/or reception 
within the examination volume. 
[0013] Another advantage of the present invention Is 
that It makes possible a better signal-to-noise ratio in 
higher vertical field systems. 

[0014] Another advantage of the present invention is 
that it makes possible better field uniformity. 
[001 5] Another advantage of the present invention is 
that easy manufacture is possible. 
[001 6] Another advantage of the present invention re- 
sides in an optimized current distribution that supports 
both even and odd current distributions. 
[0017] Yet another advantage of the present invention 
is the ease of tuning due to reduced localized electric 
field effects that can lead to tuning instability. 
[001 8] Another advantage of the present invention is 
that it allows for a more open RF coil for vertical field 
systems. 

[0019] Another advantage of the present invention is 
that it facilitates surgeon and attendant access for inter- 
ventional procedures. 

[0020] Ways of carrying out the invention will now be 
described in detail, by way of example, with reference 
to the accompanying drawings, in which: 

FIGURE 1 is a diagrammatic illustration of a mag- 
netic resonance imaging system in accordance with 
the present invention; 

FIGURE 2 is a diagrammatic illustration of an ex- 
emplary high-pass RF ladder coil in accordance 
with the present invention; 



FIGURE 3 is a perspective illustration of a flexible 
RF ladder coil to be used for head imaging in ac- 
cordance with the present invention; and 

5 FIGURE 4 is a top view of the coil of FIGURE 3. 

[0021] With reference to FIGURE 1, in an open MRI 
system, an imaging or examination region 10 is defined 
between pole pieces 12, 12*. The first or upper pole 

10 piece 12 is sun-ounded by an annular magnet 14, pref- 
erably a superconducting magnet. To this end, the mag- 
net Is disposed in an annular helium container or can 16 
that is surrounded by a vacuum dewar 18. The pole 
piece 12 is preferably circularly symmetric or oval with 

15 a symmetrically contoured face 20. 

[0022] A second, lower pole piece 12' is disposed be- 
low the upper pole piece 12 and on the other side of the 
examination region 10. The second pole piece is again 
surrounded by a superconducting magnet 14' and has 

20 a contoured pole face 20' for improving magnetic field 
linearity in the examination region 10. 
[0023] The pole pieces are disposed centrally in an 
RF room 22 which is defined by or lined with iron, in- 
cluding a ceiling layer 24, a floor layer 26, and a wall 

25 layer 28. The ceiling, floor, and wall layers are com- 
posed of multiple sections which are mechanically con- 
nected together such that they define a fen'ous flux re- 
turn path. The superconducting magnets 14, 14' induce 
magnetic flux in the ferrous flux retum path and the Bq 

30 field through the examination region. It is to be appreci- 
ated that the open MRI system may operate with or with- 
out pole pieces and with or without a flux retum path. 
[0024] For imaging, magnetic field gradient coils 30, 
32 are disposed on either side of the examination region 

35 10. near the pole pieces 12, 12'. In the preferred enn- 
bodiment, the gradient coils are planar coil construc- 
tions which are connected by gradient amplifiers 34 to 
a gradient magnetic field controller 36. The gradient 
magnetic field controller 36 causes current pulses which 

40 are applied to the gradient coils such that gradient mag- 
netic fields are superimposed on the temporally con- 
stant and uniform magnetic field throughout the exami- 
nation region. The gradient fields create magnetic field 
gradients in the examination region 10 along a longitu- 

45 dinal or z-axis, a vertical or y-axis, and a transverse or 
X-axis. 

[0025] In order to excite magnetic resonance in di- 
poles of a subject disposed in the examination region 
10, radio frequency coils 38, 40 typically are included 

so between the gradient coils 20, 22 and the imaging region 
10. At least one radio frequency transmitter 42, prefer- 
ably a digital transmitter, causes the radio frequency 
coils to transmit radio frequency pulses requested by a 
radio frequency pulse controller 44 to be transmitted Into 

55 the imaging region 10. A sequence controller 46, under 
operator control, retrieves an Imaging sequence from a 
sequence memory 48. The sequence controller 46 pro- 
vides the sequence information to the gradient controller 
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36 and the radio frequency pulse controller 44 such that 
radio frequency and gradient magnetic field pulses in 
accordance with the selected sequence are generated. 
[0026] Typically, the radio frequency coils 38, 40 are 
general purpose coils that provide excitation of nuclei in 
the imaging region 10 and are suitable for receiving res- 
onance signals. On the other hand, specialty surface 
coils are often employed for greater flexibility. Typically, 
such coils are removable and may be the only radio fre- 
quency colls in the system or may be receive only coils. 
[0027] With continuing reference to FIGURE 1, a 
quadrature radio frequency coil 50 is positioned be- 
tween the pole pieces 12, 12', adjacent the imaging re- 
gion 10. As shown in FIGURE 1, the quadrature radio 
frequency coil 50 is disposed such that the rungs are 
perpendicular to the pole pieces 12, 12'. The quadrature 
RF coil 50 is capable of RF transmission and/or recep- 
tion in quadrature. At least one RF transmitter 42, pref- 
erably a digital transmitter, causes the quadrature RF 
coil 50 to transmit RF pulses into the examination region 
10, exciting magnetic resonance in dipoles of interest. 
The quadrature RF coll 50 receives magnetic resonance 
signals which are demodulated by one or more receiv- 
ers 52, preferably digital receivers. Signals from analog 
receivers are digitized with an analog-to-digital convert- 
er 54. The digitized signals are processed by a recon- 
struction processor 56 into volumetric or other image 
representations which are stored in a volumetric image 
memory 58. A video processor 60, under operator con- 
trol, withdraws selected image data from the volume 
memory and formats it into appropriate format for dis- 
play on a human-readable display 62. such as a video 
monitor, active-matrix monitor, liquid crystal display, or 
the like. 

[0028] With reference to FIGURE 2, the quadrature 
RF coil 50 includes an odd number of rung elements. In 
the preferred embodiment, there are five rung elements, 
70, 72, 74, 76, and 78. The rung elements are intercon- 
nected by end segments 80, 82, which are interrupted 
with capacitors between each pair of rung elements. 
The central rung element, 74 in the preferred embodi- 
ment, is interrupted with a pair of capacitors Cy. The 
capacitlve elements are selected such that the capaci- 
tive distribution is symmetric about a central point 84 of 
the coil along a direction S;^ parallel to the rung element 
and is also symmetric about the center point in a direc- 
tion Sg parallel to the end segments. It Is to be appreci- 
ated that the coil 50 may be tuned to the desired fre- 
quency of interest by varying the numbers, positions, 
and values of capacitors around each coil. Further, it 
should be appredated that the uniformity of the field 
will improve as more rung elements are added to the 
ladder coil. 

[0029] The illustrated coil supports four different in- 
trinsic resonance modes. In the preferred embodiment, 
the two highest resonance modes are selected for quad- 
rature reception. Of these modes, the odd mode 90 and 
the even mode 92 are of particular interest. The odd 



mode 90 is defined by currents flowing peripherally In a 
loop-like path, but divided among the rung elements to 
either side of the central rung element. In other words, 
the odd mode 90 does not cany currents on the center 

5 rung. Thus, when a capacitor is placed on the center 
rung, the odd mode is not sensitive to changes in ca- 
pacitance. The even mode 92 is defined by two counter- 
rotating current loops which flow in the same direction 
through the central rung element 74 and are divided 

fO among the other rung elements defining the return por- 
tions of the two loops. In other words, the even mode 
92 carries maximum current on the center rung so that 
the even mode is sensitive to capacitance changes on 
the center rung. The odd mode 90 is responsive to mag- 

15 netic fields in the direction normal to the plane of the 
coil. The even mode 92 is responsive to magnetic fields 
which are perpendicular to the odd mode 90 and the Bq 
field. The values of capacitances are selected to be 
not only symmetric about the center point 84, but also 

20 such that the odd mode has a resonant frequency that 
is the same as the resonant frequency of the imaged 
dipole of the system. The capacitances Cy and are 
selected to be not only symmetric about the center point 
84, but such that the even mode has the resonant fre- 

25 quency of the dipole of interest. While in the preferred 
embodiment, the two resonant modes are tuned to a sin- 
gle frequency of interest for imaging applications, it is to 
be appreciated that the two modes may be tuned to dif- 
ferent frequencies for spectroscopy applications. 

30 [0030] The quadrature coil 50 has an output port 94 
for the even mode 92 and an output port 96 for the odd 
mode 90. A matching capacitor Cpy is associated with 
the output port 94 for the even mode and the matching 
capacitor is associated with the output port 96 for 

35 the odd mode. 

[0031] With continued reference to FIGURE 2, it is 
significant that the quadrature surface coll is configured 
as a high-pass ladder structure RF coil. The selection 
of the high-pass mode enables selection or use of ca- 

40 pacitive elements having larger capacitance values than 
those needed for a low-pass or band-pass coil, although 
low-pass and band-pass coils are included within the 
scope of protection. These capacitors correspondingly 
reduce the electric field sun^ounding the subject, which 

45 reduces instability in coil tuning. It is to be appreciated 
that the size of the capacitances depends on the size of 
the quadrature RF coil. 

[0032] With reference to FIGURES 3 and 4, and con- 
tinuing reference to FIGURE 2, an embodiment of the 

50 present invention is provided where the quadrature coil 
50 is non-planar. Preferably, the coil is partially wrapped 
around a portion of the subject 100, in the illustrated 
case, the head of the subject. In one embodiment, the 
quadrature coil is constructed of copper strips which are 

55 mounted onto a flexible support sheet, such as plastic. 
As shown in FIGURE 3, the rung elements or legs of the 
quadrature coil are parallel to the main magnetic field 
Bq. The open nature of the quadrature coil facilitates 
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easy surgeon access to the subject through the coil dur- 
ing interventional procedures. 
[0033] It is to be appreciated that a phased array may 
be obtained by overlapping several quadrature surface 
coils In a given direction by an anriount which minimizes 
the mutual inductance. Those skilled in the art will rec- 
ognize that the multiple distributed phased array coil 
covers a broader imaging region and improves the sig- 
nal-to-noise ratio as compared to a single coll covering 
a comparable area. 



Claims 

1- An open magnetic resonance apparatus having an 
examination region (10) through which a temporally 
constant main magnetic field is generated, an RF 
transmitter (42) which transmits radio frequency 
pulses to a quadrature radio frequency coil (50) to 
excite resonance In selected dipoles in the exami- 
nation region (10) such that the dipoles generate 
resonance signals at a characteristic resonance fre- 
quency, a quadrature radio frequency coll assembly 
(50) which receives the resonance signals from the 
resonating dipoles, and a radio frequency receiver 
(52) for demodulating the resonance signals re- 
ceived from the quadrature RF coil (50), the quad- 
rature RF coll (50) comprising: a plurality of parallel 
rung elements (70, 72, 74, 76, 78) disposed parallel 
to the main magnetic field; electrical conductive 
ends (80, 82) connecting the plurality of rung ele- 
ments (70, 72, 74, 76, 78); and a plurality of capac- 
itive elements (C^^, Cv) interrupting at least one of 
the rung elements and ends. 

2. Magnetic resonance apparatus as claimed in claim 
1 , wherein the quadrature RF coil (50) includes: an 
odd number of rung elements (70, 72, 74, 76, 78) 
not less than five, said rung elements (70, 72, 74, 
76, 78) being disposed symmetrically about a cen- 
tral rung element (74). 

3. Magnetic resonance apparatus as claimed in claim 
1 or claim 2, wherein a central one (74) of the rung 
elements (70, 72, 74, 76, 78) and the ends (80, 82) 
are interrupted by a plurality of capacitive elements 
(Cy^, Cv), the central rung (Cy) and end capacitive 
elements (C^) being disposed symmetrically about 
a midpoint (84) on the central rung element (74) 
such that an even mode (92) is produced which is 
parallel to a plane of the coil (50) and an odd mode 
(90) is produced which is nomnal to the plane of the 
coil (50). 

4. Magnetic resonance apparatus as claimed in any 
one of claims 1 to 3, wherein a central one (74) of 
the rung elements (70, 72, 74, 76, 78) and ends (80, 
82) are interrupted by capacitive elements (C^^, Cy) 



disposed symmetrically about a midpoint (84) on 
the central rung element (74) such that an even 
mode (92) is responsive to a resonance signal com- 
ponent which is perpendicular to the rung elements 
5 (70. 72, 74, 76, 78) of the coll (50) and an odd mode 
(90) is responsive to a resonance signal component 
which is nomnal to the plane of the coil (50). 

5. Magnetic resonance apparatus as claimed in claim 
10 4, wherein the rung elements (70, 72, 74, 76, 78) of 

the quadrature RF coil (50) are positioned parallel 
to the main magnetic field such that the even mode 
(92) and odd mode (90) of the coil are perpendicular 
to the main magnetic field. 

15 

6. Magnetic resonance apparatus as claimed in claim 
4 or claim 5. wherein the quadrature RF coil (50) 
further comprises: a first sampling port (96) electri- 
cally connected in parallel to at least one of the cen- 

20 tral rung capacitive elements (Cy) through which 
the even mode (92) is sampled; and a second sam- 
pling port (94) electrically connected in parallel to 
two of the end capacitive elements (C^) symmetri- 
cally about the central rung element (74) through 
25 which the odd mode (90) is sampled. 

7. Magnetic resonance apparatus as claimed in any 
one of claims 1 to 6, wherein the rung elements (70, 
72, 74, 76, 78) each have a length which is substan- 

30 tially equal to a length of the ends (80, 82). 

8. Magnetic resonance apparatus as claimed in any 
one of claims 1 to 7, wherein the quadrature RF coil 
(50) is curved such that it is partially wrapped 

35 around a portion of a subject disposed in the exam- 
ination region (10). 

9. A method of magnetic resonance imaging In an 
open MRl system in which a temporally constant 

40 main magnetic field is generated through an exam- 
ination region (10) and gradient magnetic fields (36) 
are generated for spatial selection and position en- 
coding, the method including: 

45 (a) positioning a quadrature RF ladder coil (50), 

parallel to the main magnetic field, said coil 
supporting an even resonant mode (92) and an 
odd resonant mode (90); 

(b) matching the two resonant modes (90, 92) 
50 to a common resonance frequency of dipoles 

of interest; 

(c) exciting magnetic resonance in the dipoles 
of interest in the examination region (10); 

(d) detecting induced magnetic resonance sig- 
55 nals using the quadrature RF ladder coil (50); 

(e) passing detected signals at the common im- 
aging frequency to a receiver (52); and 

(f) reconstructing (56) the received magnetic 
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resonance signals into an image representa- 
tion. 

10. A method as claimed In claim 9, wherein the quad- 
rature RF ladder coil (50) includes a plurality of par- 5 
allel rung elements (70, 72, 74, 76, 78) aligned with 
the main magnetic field, the rung elements (70, 72, 
74, 76, 78) being interconnected by a pair of end 
segments (80, 82); a central rung element (74) be- 
ing interrupted by at least one capacitive element io 
(Cy), wherein the matching step includes: adjusting 
an effective reactance of at least one portion of the 
quadrature RF ladder coil (50) such that an even 
mode (92) and an odd mode (90) have peak respon- 
sivity at the common resonance frequency. is 
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(54) Quadrature RF coil for MRI systems 

(57) A quadrature RF coil assembly (50) Is em- 
ployed for quadrature excitation and/or reception in an 
open or vertical field magnetic resonance apparatus. 
The quadrature RF coil (50) includes a plurality of par- 
allel rung elements (70, 72, 74, 76, 78). A pair of elec- 
trical conductive end segments (80, 82) connect the plu- 
rality of rung elements. Capacitive elements (Cy, C^) 
interrupt a central rung element and the end segments. 
Preferably, the capacitive elements (Cy, C^) are ar- 
ranged in a high-pass configuration such that the two 
highest resonant modes, an odd mode (90) and an even 
mode (92), are tuned to have peak responsivity to a 
common imaging frequency. The odd mode (90) is re- 
sponsive to magnetic fields which are normal to the coll 
(50), while the even mode is responsive to magnetic 
fields which are parallel to the coil (50) and perpendic- 
ular to the main magnetic field. In one embodiment, the 
quadrature coil (50) is curved such that it is partially 
wrapped around a portion of a subject (100) with the 
rung elements (70, 72, 74, 76, 78) of the coil (50) parallel 
to the main magnetic field Bq. The quadrature coil (50) 
provides improved field uniformity and greater tuning 
stability due to reduced localized electric field effects. 
The coil (50) provides greater accessibility for interven- 
tional procedures conducted in a vertical field or open 
magnetic resonance imaging system. 
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